Introduction
============

Skeletal sensory neurons form the source of a network innervating cancellous bone. They produce various neurotransmitters, including calcitonin gene-related peptide (CGRP), somatostatin and substance P ([@b1-mmr-13-06-4689],[@b2-mmr-13-06-4689]). CGRP is a neuropeptide produced in specific neurons by alternative splicing of the primary transcript from the calcitonin gene and has important functions in numerous physiological and pathological processes. The CGRP receptor complex, which is expressed in osteoblasts, is a dimeric complex of the G protein-coupled calcitonin receptor-like receptor (CRL) and G protein-coupled activity modifying protein 1 (RAMP1), a receptor activity-modifying protein, which are required for physiological activation by CGRP. CRL and RAMP1 receptors are expressed in mature osteoblasts ([@b3-mmr-13-06-4689]--[@b10-mmr-13-06-4689]). Numerous studies have demonstrated that CGRP innervation is associated with bone formation *in vivo* and that CGRP stimulates the differentiation of bone marrow stromal stem cells (BMSCs) into osteoblasts *in vitro* ([@b2-mmr-13-06-4689],[@b11-mmr-13-06-4689]--[@b14-mmr-13-06-4689]). Further studies supported the bone-building action of CGRP by demonstrating that transgenic mice show increased bone formation and trabecular bone mass following overexpression of CGRP in their osteoblasts, while CGRP-deficient mice displayed a decreased bone formation rate and accelerated bone loss ([@b4-mmr-13-06-4689],[@b15-mmr-13-06-4689],[@b16-mmr-13-06-4689]). These studies suggested that CGRP has an important role in maintaining bone formation in skeletal tissues; however, its mechanism of action in osteoblastogenesis and osteoblasts has largely remained elusive.

Canonical Wnt signaling is one of three independent Wnt pathways activated by a receptor complex of Frizzled (Fz), which is referred to as the Wnt/β-catenin signaling pathway. The regulation of cytoplasmic β-catenin is a key step in numerous cellular signal transductions ([@b17-mmr-13-06-4689],[@b18-mmr-13-06-4689]). In the Wnt/β-catenin signaling pathway, the receptors binding to canonical Wnts include 7-transmembrane domain-spanned Fz receptor and low-density lipoprotein 5 and -6 (LRP5/6) co-receptors ([@b19-mmr-13-06-4689]--[@b21-mmr-13-06-4689]). The scaffolding protein Dishevelled interacts with the destruction complex consisting of the scaffold protein Axin, which binds two other key components, adenomatous polyposis coli and glycogen synthase kinase-3, leading to the dephosphorylation of β-catenin and subsequent translocation into the nucleus ([@b22-mmr-13-06-4689]--[@b25-mmr-13-06-4689]). Accumulation of β-catenin in the cytoplasm and nuclear localization are crucial for the activation of the Wnt pathway. Transcription factors binding with the β-catenin protein and activating Wnt-associated genes include cyclin D1 and c-myc ([@b26-mmr-13-06-4689]). Secreted Fz-related protein (sFRP), which antagonizes the interactions between Wnts and frizzled receptors, can inhibit the Wnt/β-catenin signaling pathway ([@b27-mmr-13-06-4689]). Over the past few years, the Wnt/β-catenin-signaling pathway has been shown to be an important regulatory factor in bone metabolism ([@b21-mmr-13-06-4689],[@b28-mmr-13-06-4689]--[@b30-mmr-13-06-4689]); however, the involvement of the canonical Wnt/β-catenin signaling pathway in CGRP-mediated osteogenic processes has remained to be demonstrated, which was the purpose of the present study.

Materials and methods
=====================

Isolation of BMSCs
------------------

The study was approved by the ethics committee of the Laboratory Animal Center of the Fourth Military Medical University (Xi\'an, China). Rats were supplied by the Laboratory Animal Center of the Fourth Military Medical University, and sacrificed by CO~2~ asphyxiation. Rat BMSCs were isolated from the bone marrow of male rats (n=8; age, 6 weeks; weight, 80--100 g), which was obtained by flushing the femoral and tibial medullary cavities with ice-cold low-glucose Dulbecco\'s modified Eagle\'s medium (L-DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco). The marrow cell suspension was repeatedly aspirated through a 22-gauge needle and filtered through a 100-*µ*m cell strainer prior to culture (both purchased from Corning, Inc., New York, NY, USA). Marrow cells were plated in 25-cm^2^ tissue culture flasks at a density of 1×10^6^−1×10^7^ cells/ml. The cultures were incubated at 37°C in a humidified atmosphere containing 5% CO~2~. The media was comprised of L-DMEM supplemented with 10% FBS, 100 IU/ml penicillin, 100 *µ*g/ml streptomycin and 1 *µ*g/ml amphotericin, and was replaced every two days.

Monolayer culture
-----------------

When the cell confluence reached 80%, cells were passaged by detachment with 0.02% trypsin (Gibco) and subcultured in a fresh flask at a ratio of 1:2. The cells were cultured in flasks and three passages of monolayer cells were divided into 24-well culture plates. At passage 3, the cells were divided into two groups: The osteogenic induction group, which was further cultured in differentiation medium (L-DMEM containing 10 mM β-glycerophosphate, 100 nm dexamethasone and 50 *µ*g/ml ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) to induce osteogenic differentiation ([@b31-mmr-13-06-4689]), and the control group, which was cultured in normal medium. To detect the expression of CGRP receptors in the process of differentiation, the cells in the induction group were further divided into four groups, which were then treated with various concentrations of CGRP (0, 10^−12^, 10^−10^ and 10^−8^ M) to determine the optimal concentration to promote cellular differentiation. In another experiment, cells from the induction group were divided into five groups to determine the effects of CGRP receptor antagonist and sFRP on the differentiation of BMSCs: i) The control group was treated with phosphate-buffered saline; ii) cells were incubated with 20 mM LiCl (Sigma-Aldrich); iii) cells were incubated with CGRP (10^−8^ M); iv) cells were incubated with a mixture of CGRP (10^−8^ M) and 10^−6^ M CGRP receptor antagonist CGRP8-37 (Sigma-Aldrich); v) cells were incubated with a mixture of CGRP (10^−8^ M) and 10 *µ*g/ml sFRP (R&D Systems, Inc. Minneapolis, MN, USA).

Alizarin red staining
---------------------

Alizarin red staining was performed to identify osteoblasts. After three passages of monolayer culture, cells were cultured in differentiation medium for 14 days and then fixed in 4% paraformaldehyde (Sigma-Aldrich) for 30 min, followed by three washes with ice-cold phosphate-buffered saline and staining for 5 min with alizarin red (Sigma-Aldrich). The cells were viewed using a 450 fluorescent inverted phase contrast microscope (Nikon Corporation, Tokyo, Japan).

Reverse-transcription quantitative polymerase chain reaction (RTqPCR)
---------------------------------------------------------------------

To assess the expression of various genes in BMSCs in the experimental groups, total RNA was isolated from the cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) and cDNA synthesis was performed using Oligo dT (Invitrogen). The qPCR assay was performed using SYBER Green (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the primers (Shanghai GenePharma Co., Ltd., Shanghai, China) designed with Primer Express software (version 3.0; Applied Biosystems), listed in [Table I](#tI-mmr-13-06-4689){ref-type="table"}. The amplification conditions were as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 30 sec. Thermal cycling and fluorescence detection were performed using the StepOnePlus™ Real-Time PCR System (Applied Biosystems). The mRNA levels of alkaline phosphatase, collagen type I, osteocalcin, Runx2, c-myc, cyclin D1, Lef1, Tcf7 and β-catenin mRNA were calculated relative to those of GAPDH using the ΔΔCt method ([@b32-mmr-13-06-4689]). Experiments were performed in triplicate.

Protein extraction and western blot analysis
--------------------------------------------

Following 7 and 14 days of treatment, the cells in the experimental groups were subjected to protein extraction with lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) and protein extracts were dissolved in sample buffer (Cell Signaling Technology, Inc.) containing 2% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl, 100 mM dithiothreitol (pH 6.80) and 10% glycerol. Protein samples (30 *µ*g) were separated by 10% SDS-polyacrylamide gel (Beyotime Institute of Biotechnology, Haimen, China) electrophoresis and electrotransferred onto a nitrocellulose membrane (EMD Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk in Tris-buffered saline solution (Beyotime Institute of Biotechnology) for 1 h at room temperature, blots were subsequently incubated with polyclonal goat anti-CRL (1:5,000; sc-18007), polyclonal rabbit anti-RAMP1 (1:5,000; sc-11379) and monoclonal mouse anti-β-catenin antibodies (1:5,000; sc-53483) overnight at 4°C (all purchased from Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Following washing for 5 min 3 times with Tris-buffered saline, horseradish peroxidase (HRP)-conjugated polyclonal rabbit anti-mouse IgG (1:5,000; sc-358920), HRP-conjugated polyclonal goat anti-rabbit IgG (1:5,000; sc-2004) and HRP-conjugated polyclonal mouse anti-goat IgG (1:5,000; sc-2345) (all purchased from Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were incubated with the membranes for 1 h at room temperature. An Imagestation 2000 MM (Eastman Kodak, Rochester, NY, USA) was then used for capturing images of the blots. Blots were stripped and re-probed with polyclonal goat anti-actin (1:500; sc-1616) and polyclonal rabbit anti-α-tubulin (1:500; sc-5546) (both purchased from Santa Cruz Biotechnology, Inc.) antibodies to demonstrate equal loading and for normalization of the protein content among the groups. Densitometric analysis of the bands was performed using Molecular Imaging Software Version 4.0 (Eastman Kodak). Protein concentration was determined using an Immobilon Western Chemiluminescent HRP Substrate for enhanced chemiluminescence (EMD Millipore, Billerica, MA, USA).

Statistical analysis
--------------------

Values are expressed as the mean ± standard error of the mean. Statistical analyses were performed using SPSS software version 13.0 (SPSS, Inc., Chicago, IL, USA). One-way analysis of variance was used to compare mean values between groups. Comparisons among groups were performed using Dunnett\'s two-tailed t post-hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Morphological changes of BMSCs differentiating into osteoblasts
---------------------------------------------------------------

Following seven days of primary culture, BMSCs grew in spindle-like, triangular and polygonal shapes ([Fig. 1A](#f1-mmr-13-06-4689){ref-type="fig"}). At passage 3 and beyond, cell growth was accelerated ([Fig. 1B](#f1-mmr-13-06-4689){ref-type="fig"}). After seven days of differentiation in the osteogenic medium, the cells grew slowly and were covered with calcium deposits ([Fig. 1C](#f1-mmr-13-06-4689){ref-type="fig"}). After 14 days of differentiation, alizarin red staining revealed that the cells displayed characteristics of osteoblasts and extracellular matrix mineralization ([Fig. 1D](#f1-mmr-13-06-4689){ref-type="fig"}).

CGRP receptors are expressed during osteoblastic differentiation of BMSCs
-------------------------------------------------------------------------

The expression of CRL and RAMP1 protein in BMSCs on days 7 and 14 of culture in osteogenic medium was assessed by western blot analysis ([Fig. 1E and F](#f1-mmr-13-06-4689){ref-type="fig"}). While CRL and RAMP1 protein expression was present in the osteogenic induction group as well as in the control group on days 7 and 14, expression levels were approximately two-fold increased in the induction group compared with those in the control group.

CGRP enhances the expression of osteoblastic marker genes in induced BMSCs
--------------------------------------------------------------------------

The effects of CGRP (10^−8^, 10^−10^ and 10^−12^ M) on the differentiation of BMSCs were examined by assessing the mRNA expression of the early osteoblastic markers alkaline phosphatase and collagen type I as well as the late osteoblastic marker osteocalcin by using RT-qPCR analysis. Runx2, a transcriptional factor necessary for osteoblast differentiation, was also examined. Compared with the untreated group, CGRP treatment significantly increased the levels of osteoblastic markers at days 7 and 14, with 10^−8^ M CGRP exerting a greater effect than the lower concentrations ([Fig. 2](#f2-mmr-13-06-4689){ref-type="fig"}).

CGRP-mediated osteoblastogenesis of BMSCs proceeds via the Wnt/β-catenin pathway
--------------------------------------------------------------------------------

To assess the possible involvement of the Wnt/β-catenin pathway in BMSC differentiation into osteoclasts, the effects of Wnt/β-catenin pathway agonist LiCl, CGRP inhibitor CGRP8-37 and Wnt inhibitor sFRP on the expression of osteoblastic genes in induced BMSCs were examined in the absence or presence of CGRP. RT-qPCR revealed that CGRP (10^−8^ M) and LiCl alone significantly increased the expression of osteoblastic genes. Of note, pre-treatment with CGRP8-37 and sFRP significantly inhibited CGRP-induced expression of the osteoblastic markers by induced BMSCs ([Fig. 3](#f3-mmr-13-06-4689){ref-type="fig"}).

To further assess the involvement of the Wnt/β-catenin signaling pathway, the mRNA expression of signaling molecules of this pathway, including c-myc, cyclin D1, Lef1, Tcf7 and β-catenin, was evaluated by RT-qPCR at days 7 and 14. Incubation of BMSCs with CGRP (10^−8^) and LiCl in the osteoinductive medium significantly increased the mRNA expression of c-myc, cyclin D1, Tcf7 and Lef1 on days 7 and 14, as compared with their expression in the control group. This upregulation was significantly inhibited by pre-treatment with CGRP8-37 or sFRP ([Fig. 4A--D](#f4-mmr-13-06-4689){ref-type="fig"}). However, the expression of β-catenin mRNA was not significantly affected in the experimental groups ([Fig. 4E](#f4-mmr-13-06-4689){ref-type="fig"}). Therefore, the protein expression of β-catenin in all experimental groups was examined by western blot analysis. The results revealed that CGRP (10^−8^ M) and LiCl increased the protein expression of β-catenin on days 7 and 14 compared with that in the control group. Furthermore, pre-treatment with CGRP8-37 or sFRP inhibited the CGRP-induced increase in β-catenin protein expression on days 7 and 14 ([Fig. 4F](#f4-mmr-13-06-4689){ref-type="fig"}).

Discussion
==========

To the best of our knowledge, the present study was the first to demonstrate the involvement of the Wnt/β-catenin signaling pathway in CGRP-mediated osteoblastic differentiation of BMSCs. Sharma *et al* reported that Rspo 1 is involved in bone remodeling and the activation of Wnt signaling in human as well murine *in vitro* osteoblast cell models ([@b33-mmr-13-06-4689]). The present study used an agonist and a specific inhibitor of the Wnt/β-catenin signaling pathway as well as an inhibitor of CGRP for mechanistic gain-and loss-of-function studies, and their effects on the expression of osteoblastic marker genes and the expression of Wnt signaling molecules in induced BMSCs were assessed.

CGRP acts at the cellular level by binding to its receptor CRL, following which it is able to regulate various biological functions, including bone remolding, pain, biological effects of human endothelial cells, cell differentiation and regulation of the cardiovascular system ([@b6-mmr-13-06-4689],[@b34-mmr-13-06-4689]--[@b36-mmr-13-06-4689]). However, to the best of our knowledge, changes in CRL and RAMP1 expression during the process of differentiation of BMSCs have remained to be fully elucidated. The present study discovered that RAMP1 and CRL protein were overexpressed in BMSCs undergoing osteoblastic differentiation.

The osteogenic effects of LiCl, CGRP + CGRP8-37 and CGRP + sFRP on BMSCs have not been previously described, to the best of our knowledge. Osteoblastic differentiation *in vitro* is directed by Runx2, the master transcription factor regulating bone formation, and BMSCs can differentiate towards the osteoblastic lineage, accompanied by the production of type I collagen and osteocalcin and increased alkaline phosphatase activity ([@b37-mmr-13-06-4689]). The present study examined the osteoblastic differentiation of rat BMSCs and determined whether CGRP antagonist or Wnt antagonist sFRP were able to inhibit the inductive effects of CGRP on BMSCs.

When BMSCs were treated with CGRP (10^−8^, 10^−10^ or 10^−12^ M) for 7 or 14 days, the expression of osteoblastic genes, including alkaline phosphatase, collagen type I, Runx2, and osteocalcin, was revealed to be induced, particularly at the highest concentration of CGRP (10^−8^ M). Furthermore, the stimulatory effects of CGRP on the osteoblastic differentiation of BMSCs was inhibited by CGRP receptor antagonist CGRP8-37 and the specific inhibitor of the Wnt/β-catenin signaling pathway sFRP, suggesting that CGRP binds to CGRP receptors and activates the Wnt/β-catenin signaling pathway, leading to the differentiation of BMSCs.

To further study the roles of the Wnt/β-catenin signaling pathway in the stimulatory effects of CGRP on the osteoblastic differentiation of BMSC, the effects of CGRP, CGRP8-37 and sFRP on the expression of genes involved in the Wnt/β-catenin signaling pathway in BMSCs were also examined. CGRP was found to significantly increase the expression of the Wnt/β-catenin signaling molecules c-myc, cyclin D1, Tcf7 and Lef1 at the mRNA level. β-catenin, which is crucial for the activation of Wnt/β-catenin signaling, was obviously affected at the mRNA level; however, differences between the experimental groups were not statistically significant. Of note, CGRP significantly enhanced the protein expression of β-catenin at 7 and 14 days, which was inhibited by CGRP8-37 and sFRP. The greater effects of CGRP and the inhibitors CGRP8-37 and sFRP on β-catenin at the protein level compared to those at the mRNA level may indicate that the enhancement of β-catenin signaling may be complex. For instance, activation of β-catenin via phosphorylation rather than upregulation of its gene expression may be involved in the activation of the Wnt/β-catenin signaling pathway.

The role of Tcf7/Lef1 in the Wnt/β-catenin signaling pathway is controversial. While certain studies suggested that Tcf7 acts as a repressor as well as an activator, and that Lef1 is usually an activator but occasionally a repressor, other studies have reported that Lef1 and Tcf7 cooperatively activate the expression of Wnt/β-catenin signaling target genes to promote cell proliferation in the dorsal midbrain ([@b38-mmr-13-06-4689]--[@b40-mmr-13-06-4689]). The present study found that treatment of BMSCs with CGRP (10^−8^ M) for 7 and 14 days led to an increased expression of Lef1 and Tcf7. Therefore, it is indicated that Lef1 and Tcf7 may be involved in the CGRP-induced activation of Wnt/β-catenin signaling in BMSCs.

The present study also assessed the expression of two Wnt target genes, c-myc and cyclin D1, which were markedly increased in BMSCs following CGRP treatment, which was significantly reduced by pre-incubation with CGRP inhibitor, indicating that c-myc and cyclin D1 may be involved in the process of osteoblastic differentiation of BMSCs, which was in turn enhanced by activation of the Wnt/β-catenin signaling pathway. All of these results suggested that BMSC differentiation into osteoblasts by stimulation with CGRP proceeds via the Wnt/β-catenin signaling pathway.

In conclusion, the present study demonstrated that the CGRP ligands CRL and RAMP1 were overexpressed throughout the osteoblastic differentiation of BMSCs, and that their interaction with CGRP was likely to have stimulated this differentiation process. The canonical Wnt signaling pathway was indicated to contribute to this process.

![Microscopic images of BMSCs at (A) the primary passage, (B) the third passage, (C) 7 days after differentiation in the osteogenic medium (magnification, ×100). (D) Differentiated osteogenic cells stained with alizarin red (magnification, ×40). The protein expression of (E) CRL and (F) RAMP1 was detected by western blot analysis at days 7 and 14. Values are expressed as the mean ± standard error of the mean. BMSC, bone marrow stromal stem cell; CRL, calcitonin receptor-like receptor; RAMP1, receptor (G protein-coupled) activity modifying protein 1.](MMR-13-06-4689-g00){#f1-mmr-13-06-4689}

![Effects of CGRP (10^−8^, 10^−10^ or 10^−12^) on the expression of (A) alkaline phosphatase, (B) collagen type I, (C) osteocalcin and (D) Runx2 mRNA in bone marrow stromal stem cells at days 7 and 14 were assessed in induction medium using reverse-transcription quantitative polymerase chain reaction analysis. Values are expressed as the mean ± standard error of the mean from three independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. Control. CGRP, calcitonin gene-related peptide.](MMR-13-06-4689-g01){#f2-mmr-13-06-4689}

![Effects of CGRP, LiCl, CGRP + CGRP8-37 and CGRP + sFRP on the expression of (A) alkaline phosphatase, (B) collagen type I, (C) osteocalcin and (D) Runx2 mRNA in bone marrow stromal stem cells were assessed in induction medium using reverse-transcription quantitative polymerase chain reaction analysis. Values are expressed as the mean ± standard error of the mean from three independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001 as indicated. CGRP, calcitonin gene-related peptide; sFRP, secreted frizzled-related protein (Wnt antagonist).](MMR-13-06-4689-g02){#f3-mmr-13-06-4689}

![Effects of CGRP, LiCl, CGRP + CGRP8-37 and CGRP + sFRP on the mRNA expression of (A) c-myc, (B) cyclin D1, (C) Tcf7 (D) Lef1 and (E) β-catenin in BMSCs at days 7 and 14 were measured in induction medium using reverse-transcription quantitative polymerase chain reaction analysis. (F) β-Catenin protein expression in BMSCs at days 7 and 14 was measured in induction medium by western blot analysis. Values are expressed as the mean ± standard error of the mean from three independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. CGRP. BMSC, bone marrow stromal stem cell; CGRP, calcitonin gene-related peptide; sFRP, secreted frizzled-related protein (Wnt antagonist).](MMR-13-06-4689-g03){#f4-mmr-13-06-4689}

###### 

Sequences of the primers used for polymerase chain reaction.

  Gene        Sequence (5′--3′)          Predicted length (bp)
  ----------- -------------------------- -----------------------
  RAMP1       F: ACGTGAAGAGGGTGCTGTCT    235
              R: CACCCCAAAGTGCTTTGATT    
  ALP         F: CCTTGAAAAATGCCCTGAAA    191
              R: CTTGGAGAGAGCCACAAAGG    
  OCN         F: CATGAGGACCCTCTCTCTGC    153
              R: AGGTAGCGCCGGAGTCTATT    
  COL1        F: TGGTCCTCAAGGTTTCCAAG    123
              R: TTACCAGCTTCCCCATCATC    
  RUNX2       F: GAGCTACGAAATGCCTCTGC    173
              R: GGACCGTCCACTGTCACTTT    
  CCND1       F: GCGTACCCTGACACCAATCT    180
              R: CTCTTCGCACTTCTGCTCCT    
  C-MYC       F: GCTCCTCGCGTTATTTGAAG    152
              R: TTCTCTTCCTCGTCGCAGAT    
  β-CATENIN   F: CTCCCCTGACAGAGTTGCTC    187
              R: ATGTCCAGTCCGAGATCAGC    
  TCF7        F: GCACGGGATAACTACGGAAA    99
              R: AAAGCGAGCACGACATTTCT    
  LEF1        F: TAACAAGGGCCCCTCCTACT    198
              R: CCTGGAGAAAAGTGCTCGTC    
  GAPDH       F: ATTGTCAGCAATGCATCCTG    102
              R: ATGGACTGTGGTCATGAGCC5   

F, forward; R, reverse.
